Introduction {#S1}
============

In PV anti-Dsg3 IgG autoantibodies cause loss of keratinoctye adhesion resulting in severe blistering ([@R4]; [@R21]; [@R23]; [@R28]; [@R29]). Conventional therapy consists of corticosteroids and other immunosuppressives (e.g., mycophenolate mofetil) ([@R10]; [@R16]). Recently, the use of rituximab to deplete CD20^+^ B cells has been shown to be effective in achieving clinical and serological remission ([@R2]; [@R15]; [@R18]; [@R19]). However, with both therapies, many patients who achieve clinical remission subsequently relapse ([@R3]). In this study we asked why patients relapse. Specifically, is there an ongoing escape of new IgG^+^ anti-Dsg3 B-cell clones from tolerance or do the same B-cell clones persist over time? The first possibility suggests a basic defect in tolerance to Dsg3 that allows new lineages of IgG^+^ anti-Dsg3 B-cell clones to continually develop over time in these patients; while the second suggests that a time-limited event caused a set of IgG^+^ anti-Dsg3 B-cell clones to escape tolerance and if these could be eliminated disease might be cured.

We used antibody phage display to characterize IgG^+^ B-cell clones to address this question. Antibody phage display (APD) is a very sensitive screening method for finding antigen-specific immunoglobulins because it has the capacity for screening up to 10^8^ independent monoclonal antibodies in large phage libraries that are selected by multiple rounds of binding to an antigen followed by amplification ([@R5]; [@R11]). Previous studies have shown that APD can be used to detect anti-Dsg antibodies in both PV and pemphigus foliaceus (PF), and that the specificity of these autoantibodies is mostly carried by the IgG heavy chain ([@R14]; [@R29]; [@R32]; [@R33]). By sequencing the variable heavy chain repertoire the clonal relatedness of heavy chains (and the B cells from which they are derived) can be determined by shared complementarity determining region 3 (CDR3) nucleotide (or their deduced amino acid) sequences ([@R33]).

Results {#S2}
=======

Patient characteristics {#S3}
-----------------------

Details of the patients, given in [Table S1](#SD1){ref-type="supplementary-material"}, are summarized below.

Patient PV3 was first seen in 2006 and treated over 5.5 years with prednisone and mycophenolate mofetil. He went into complete clinical remission off therapy twice (i.e., absence of new or established lesions with the patient off any systemic therapy for at least 2 months; see [@R27]) but disease recurred each time. His B-cell response (some sequences reported previously by [@R33]) was analyzed in 2006 (initial analysis, designated PV3) and \~5.5 years later (analysis designated PV3a; [Fig. 1a](#F1){ref-type="fig"}). The second patient's B-cell response was characterized at initial presentation in 2002 (designated PV1; sequences previously reported by [@R29]), then again 4 years later after routine therapy (PV1a). Additional studies were performed after three courses of rituximab (each 2 g over 2 weeks), at which time his anti-Dsg3 IgG serum titer was indeterminate and shortly after which disease recurred (PV1b); then after a 22 month clinical and serologic remission following a fourth course of rituximab (PV1c; \~11 years after first studied) ([Fig. 1b](#F1){ref-type="fig"}). Both these patients had mucocutaneous PV with all relapses involving cutaneous lesions. Such patients usually have anti-Dsg1 IgG in addition to anti-Dsg3 ([@R13]; [@R21]; [@R31]). Although we did not check anti-Dsg1 at all time points, patient PV3 had a Dsg1 ELISA index value of 147 on final relapse (black box [Fig. 1](#F1){ref-type="fig"}), and PV1 had Dsg1 ELISA index values of 96 when first seen (PV1 red box [Fig 1](#F1){ref-type="fig"}) and of 0.85 at the last time point studied (PV1c red box [Fig. 1](#F1){ref-type="fig"}).

A third PV patient, designated COL-JA, was in clinical and serological remission off therapy for 56 months (anti-Dsg3/1 serum IgG titers negative) after a single course of rituximab (4x 375 mg/m^2^, over 1 month) when we analyzed her anti-Dsg3 B-cell response.

Analysis of IgG^+^ anti-Dsg3 B-cell clones over time in patients PV3 and PV1 with active and remitting disease {#S4}
--------------------------------------------------------------------------------------------------------------

We constructed APD-libraries from mRNA from blood mononuclear cells by cloning a PCR-amplified repertoire of IgG-variable heavy (V~H~) and light chains (V~L~) into the M13-based phagemid vector pComb3X that allows expression of a single chain variable fragment (scFv) antibody on the surface of individual phage (which contain the corresponding cDNA inside) ([@R5]). Multiple rounds of panning on immobilized Dsg3 allow for increasing enrichment of phage that express anti-Dsg3 antibodies from the library, if they are present, with each round. We monitored enrichment of the APD-libraries by using a Dsg3-ELISA developed with anti-M13 antibodies ([Fig. 1c](#F1){ref-type="fig"}). Patients with active, recurrent or impending disease (PV3/3a; PV1/1a/1b) showed enrichment with multiple pannings. To further characterize the autoimmune B-cell response, we cloned and genetically analyzed monoclonal anti-Dsg3 antibodies from phage that enriched on panning ([Fig. 2](#F2){ref-type="fig"}, [Table 1](#T1){ref-type="table"}). Individual anti-Dsg3 clonal lineages were identified by their shared V~H~-CDR3 signatures formed during somatic VDJ-recombination in pre-B cells. By APD in patient PV3, we detected three anti-Dsg3 clonal lines (I--III; [Fig. 2a](#F2){ref-type="fig"}). In the same patient, we detected two of these original lines (I, II) and four new lines (IV--VII) 5.5 years later. Because we routinely sample limited number of clones from each round of panning, it is conceivable that clones are present but not detected by APD. Therefore we used PCR with V~H~-CDR1- or 2- and 3-specific primers to determine if clones not detected by APD at one time point (but that were detected at another time by APD) in both our PV3 and PV3a libraries were actually present ([Fig. 3](#F3){ref-type="fig"}). We verified the PCR amplification by nucleotide sequencing of all amplicons. By combining APD and PCR we could detect all anti-Dsg3 clonal lines at both time points except for clone IV, which we found only in relapse ([Fig. 2a](#F2){ref-type="fig"}). We conclude that non-tolerant clonal anti-Dsg3 B-cell lineages persisted in this PV patient over years with only one possibly new clone forming. A similar study in patient PV1 had analogous findings ([Fig. 2b](#F2){ref-type="fig"}). At the times when this patient had active, remitting and relapsing disease, six anti-Dsg3 B-cell clonal lines were detected by APD and PCR; all these clones were present in PV1a 4 years later, and five were detected another 4.5 years later (PV1b). No new clonal lines were detectable over these 8.5 years.

IgG^+^ anti-Dsg3 B-cell clones were not detectable after long-term clinical and serological remission induced by rituximab {#S5}
--------------------------------------------------------------------------------------------------------------------------

No clones could be detected by either APD or PCR \~11 years after initial analysis, after patient PV1, treated with 4 courses of rituximab, maintained a clinical and serological remission off therapy for \~22 months (PV1c). To confirm this finding, we tested another patient treated with rituximab in complete clinical and serologic remission off therapy for \~56 months (COL-JA). In this patient no anti-Dsg3 clones could be detected by APD as well. These findings are in marked contrast to all active pemphigus patients we have tested by APD so far (3 PV, 2 PF), in whom we always found multiple anti-Dsg clonal lineages ([@R14]; [@R29]; [@R32]; and unpublished). These findings indicate that even in some patients who have the potential to actually develop PV, if rituximab effectively eliminates the pathogenic clones, they no longer have detectable IgG^+^ anti-Dsg3 B cells that are escaping tolerance. Taken together with the persistence of the same autoimmune B-cell clones persisting for years in active and remitting disease, these data suggest that rituximab works, at least in some patients, by eliminating sets of established pathogenic clones that are not, or rarely, replaced by new sets of autoimmune B-cell clones.

Analysis of somatic hypermutation and variable light chain usage over time {#S6}
--------------------------------------------------------------------------

Analyzing the nucleotide sequences encoding the anti-Dsg3 V~H~-chains over time allowed us to determine that affinity maturation was generally not an ongoing process in the autoimmune response of PV, because in most clones, the number of somatic mutations was stable over time ([Fig. 2](#F2){ref-type="fig"}). Occasionally we found the exact V~H~-nucleotide sequence at different time points (V~H~ 1c, 3a, 5a, 6a in patient PV1; 1a in PV3; [Fig. 2](#F2){ref-type="fig"}). This was not from cross-contamination between libraries, because we used barcoded PCR primers to distinguish libraries (see Methods). These data also show that B cells producing identical V~H~-chains can persist for up to 8.5 years, and are not necessarily replaced by more somatically-mutated clones.

Furthermore, we analyzed the light chain usage of the anti-DSG3 clones found by APD ([Table 1](#T1){ref-type="table"}). Although when constructing libraries by APD, heavy and light chain pairing is theoretically random, these data show that with libraries made at different time points, for the same preserved heavy chain clones, certain light chain families are definitely favored for pairing.

Discussion {#S7}
==========

The basic findings of this study are that clonal lineages of IgG^+^ anti-Dsg3 B cells can persist up to 8.5 years even after rituximab therapy; that patients with recurrent disease maintain the same set of persistent B-cell clonal lineages over many years, and even maintain the same exact B-cell clone (i.e., with the same somatic mutations throughout the entire V~H~, e.g. PV3 I-1a, PV1 I-1c, II-3a, V-5a, VI-6a in [Fig. 2](#F2){ref-type="fig"}); and that in PV patients new lines of IgG^+^ anti-Dsg3 B-cell clones do not continuously escape from tolerance, giving rise to new sets forming over time. There may have been one exception (clone IV in PV3a), however, we cannot rule out that this was a minor clone in PV3 that we could not detect or whether the cells that produced this antibody were not circulating at the time blood mononuclear cells were obtained for APD-library cloning. The data for all the other clones and time points suggest that there is not a basic defect in maintaining IgG^+^ B-cell tolerance to Dsg3 in PV patients that would allow new sets of anti-Dsg3 B-cell clonal lines to escape over time. In contrast, in SLE and MS, there is ongoing escape from peripheral tolerance at the mature naïve B-cell level ([@R17]; [@R34]), which eventually may mature to IgG-mediated autoimmunity. Further data to support that there is not an ongoing defect permitting escape from tolerance of new IgG^+^ B-cell clones in PV is that elimination of all persistent clones detected prior to ablation by rituximab is associated with long-term serologic and clinical remission off therapy, which was also previously demonstrated by flow cytometry of IgG^+^ anti-Dsg3 B cells ([@R6]). Our study confirms that finding by looking at the loss of the specific persistent anti-Dsg3 B-cell lines (identified by their V~H~-CDR3 sequences) with APD, a very sensitive technique for cloning rare antibody subsets ([@R5]; [@R11]). Although some of the original APD-cloned sequences of PV3 and PV1 at the first time point (PV3 and PV1 red boxes in [Fig. 1](#F1){ref-type="fig"}) were reported previously ([@R29]; [@R33]), what is unique about this study is the characterization of the APD-derived clones over time.

Of course with any technique analyzing autoreactive B cells, some may be missed, but we have no reason to believe that the clones we found here are in any way not representative of the autoantibody B-cell clone repertoire as a whole. It is clear that the antigen-specific clonal lines we find are preserved over years. There is no reason to think we would find only clones that are preserved but not those that are not by these methods. In other words, we think it very unlikely that somehow APD would only miss finding newly emergent clones not present at previous time points. Finally, to study clones over time, APD is probably the most sensitive technique for picking up minor or rare clones because of the large number of antibody-bearing phage clones that can be screened.

The basic idea, that elimination of autoreactive B cells and regeneration of the B-cell repertoire from pro-B-cell precursors can reestablish tolerance has been suggested by previous studies. This conclusion has mostly been through studies of clonal expansions of B cells in disease with elimination of those expansions in remission. For example, in anti-myelin-associated glycoprotein neuropathy, in which IgM-antibodies mediate disease activity, response to CD20-ablative therapy, compared to non-responders, is associated with better elimination of clonally expanded IgM^+^ B cells ([@R24]). Similarly, in three PV patients, assessment of V~H~-CDR3 length distributions (i.e., immunoscope analyses) indicated clonal expansions, and only the patient in complete remission showed normalization, suggesting elimination of aberrant, presumably pathologic, B-cell clones ([@R6]; [@R26]). These studies suggested that elimination of B-cell clones in Dsg-autoantibody-mediated diseases is associated with remission but did not specifically trace ablation over time to study whether the same clones recur or, in fact, whether these or new clonal expansions arise in recurrence.

The finding that we cannot identify APD clones that bind Dsg3 in the two PV patients in long-term remission (PV1c and COL-JA) ([Fig. 1](#F1){ref-type="fig"}) and other individuals without pemphigus ([@R32], and unpublished) indicates that random V~H~/V~L~-pairing does not result in artifactual Dsg3-binding autoantibodies and may suggest that light chain receptor editing ([@R20]) is not the basic mechanism by which humans maintain tolerance to the peripheral B-cell antigen Dsg3. Receptor editing would mean that during B-cell ontogeny, if a heavy-light chain pairing causes anti-Dsg reactivity, the light chain is 'edited out' in that autoimmune B cell, and another light chain is used in its place that does not result in an autoantibody. This tolerance mechanism would result in normals (with B-cell tolerance to Dsg) having potentially pathogenic heavy chains in their repertoire that just need the correct light chain pairing to form a pathogenic anti-Dsg antibody. However, in APD we allow any light chain to recombine with any heavy chain ([@R22]; [@R30]) and we do not find anti-Dsg autoantibody formation. Although it is possible that there is no possible light chain in the entire B-cell repertoire to pair with a potentially pathogenic heavy chain to reform an anti-Dsg antibody, it is unlikely since we also show here, and have shown previously ([@R14]; [@R29]; [@R32]), that several different light chains in pemphigus patients with clinically overt disease are capable of pairing to form such a Dsg3 antibody. However, further study would be necessary to rigorously validate this suggestion.

Although we have only been able to study three PV patients we feel the findings are relevant to understanding PV and its therapy. First of all, these are human immunology studies. The importance of studying human immunology has recently been highlighted ([@R1]; [@R7]; [@R25]). Second, much of our insight into spontaneous autoimmune diseases is from inbred so-called autoimmune mouse strains (e.g., NOD mice for diabetes, NZB mice for systemic lupus erythematosus). In the same way, individual humans, even though of one genotype (like inbred mice with one genotype), allow insights into the immunology of spontaneously occurring human autoimmunity. Third, the major finding that in patients with PV new B-cell clonal lines rarely newly escape from tolerance was validated in two patients over several time points representing 14 patient years, and in a third patient in long-term remission. However, with the small number of patients studied, we cannot conclude that our findings would hold for all pemphigus patients.

Although rituximab clearly eliminates IgG^+^ anti-Dsg3 B-cell clones, it may have additional effects on maintaining tolerance through expansion of regulatory CD^38high^ B cells (Bregs) that may down regulate Dsg3-specific CD4^+^ T helper (Th) cells which are also decreased after rituximab ([@R6]; [@R9]). However, CD4^+^ Th cells may also be decreased because of a lack of Dsg3-specific B cells to present the autoantigen and activate them ([@R9]).

In summary, our findings show that the same clonal IgG^+^ anti-Dsg3 B-cell lines persist over 14 patient years in patients with active disease, even after complete clinical remission off therapy, but in two patients in long-term clinical and serological remission no IgG^+^ B-cell clones are detectable in the blood (11 and 15 years after active disease). It is possible that some clones are hidden (e.g., in the bone marrow; [@R12]) and that these may ultimately re-appear to cause relapse. If, indeed, these patients ultimately recur then we expect that the same clonal lines would be detected, however, so far, no recurrence has been seen. The implication of our findings is that for effective therapy, in at least some patients, and potential cure of PV, we should seek therapies adept at eliminating all existing anti-Dsg3 B-cell clones, e.g. higher doses or varying dose schedules of rituximab, and/or treating early disease ([@R6]; [@R19]) at which time it may be easier to fully eliminate such clones, and new ones are unlikely to escape tolerance.

Materials & Methods {#S8}
===================

Further information is available in [Supplemental Data](#SD1){ref-type="supplementary-material"}.

Patients and clinical definitions {#S9}
---------------------------------

The study was conducted according to Declaration of Helsinki Principles. Written informed consent, approved by the Institutional Review Board of the University of Pennsylvania, was obtained from patients PV3 and PV1. From those two patients with a confirmed diagnosis of PV (see [Supplemental Methods](#SD1){ref-type="supplementary-material"} for details) \~50 ml blood was obtained to isolate peripheral blood mononuclear cells (PBMC). Clinical data, PBMC and serum from patient COL-JA were obtained from Pascal Joly, Rouen, France.

Anti-Dsg3/1 Serum ELISA {#S10}
-----------------------

Titers of IgG antibodies against Dsg3/1 were determined with Mesacup Dsg3/1 ELISA kits (MBL), following the manufacturer's instructions.

APD-library construction and selection of anti-Dsg3 expressing phage clones {#S11}
---------------------------------------------------------------------------

Detailed methods for the APD-technique have been previously published ([@R5]; [@R29]). PBMC-RNA was extracted with RNeasy Midi Kits (Qiagen). Complementary DNA (cDNA) was generated from RNA with a SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen). We separately constructed IgGκ/IgGλ APD libraries using the phagemid vector pComb3X (Scripps Research Institute). During PCR amplification of IgG V~H~-transcripts from cDNA, the standard HSCG1234-B reverse primer was barcoded at the SpeI-site to distinguish phage clones derived from each APD-library in one patient (PV3: HSCG1234-B; PV3a: HSCG1234-E; PV1: HSCG1234-B; PV1a: HSCG1234-C; PV1b: HSCG1234-D; PV1c: HSCG1234-G; COL-JA: HSCG1234-H; see [Table S2](#SD1){ref-type="supplementary-material"}). Care was taken to prevent cross-contamination between libraries (see [Supplemental Methods](#SD1){ref-type="supplementary-material"}). Phagemid libraries of at least 10^8^ independent transformants were electroporated into XL-1 Blue E.coli (Agilent), and recombinant phage were purified, after addition of VCSM13 helper phage (Stratagene), from culture supernatants using PEG-precipitation. The diversity of each unpanned library was determined by random sampling of \~20 phage clones, phagemid extraction with a plasmid preparation system (QIAGEN), and Sanger sequencing for VH/VL-gene usage and V~H/L~-CDR3 sequences (obtained sequences were subjected to an online database search at IMGT/V-QUEST and vbase2, accessible at <http://www.imgt.org> and <http://www.vbase2.org>). Equal numbers of unpanned P0-IgGκ and P0-IgGλ transformants were combined to select for Dsg3-binders during four rounds of ag-guided selection (panning) on immobilized Dsg3 substrate (MBL). Resulting polyclonal phage pools were diluted to 1:1,000 and 1:5,000 and tested for specificity towards Dsg3 by ELISA using HRP-conjugated anti-M13 antibody (1:5,000; GE Healthcare) for developing on Dsg3 substrate. If these pools of phage bind Dsg3, the peroxidase-conjugated anti-phage antibody renders a change in color, indicating enrichment of antigen-specific phage; for comparison, we calculated the ratio of the optical density (O.D.) value from panning rounds P2--P4 relative to the O.D. of the unpanned (P0) phage library (which was set=1; ratio expressed as arbitrary units, A.U.). In case of Dsg3-specific enrichment of phage pools, individual phage monoclonals were isolated from those panning rounds with positive readings (usually rounds 2--4; \~40 for each panned library). Obtained phagemids were analyzed for shared V~H~-CDR3 signatures, VH/VL-gene usage, and somatic mutations (IMGT, vbase2). Additionally, all individual monoclonals were re-tested on Dsg3 substrate for binding, using the anti-M13 ELISA detailed above.

Clone-specific PCR {#S12}
------------------

To determine if B-cell clones identified at time point 1 by APD were present at time point 2 in the same patient (if they could not be found at that latter time point by APD), we obtained polyclonal pComb3X-scFv phagemid DNA as PCR template from the unpanned (P0) or once panned (P1) library made at time point 2. The V~H~-coding segments in the inserts were further PCR-amplified using ompseq and dpseq sequencing primers annealing up- and downstream to the insert ([Fig. 3](#F3){ref-type="fig"}; primers at 20 μM; 5′ 94°C, then 30 cycles of 15″ 94°C, 15″ 66°C, 90″ 72°C, then 10′ 72°C). In some cases, gel-purified V~H~-DNA (used for construction of the APD library at time point 2) was used instead of the latter PCR product. On these templates, a second PCR with primers specific for the V~H~-CDR2/3 regions (designated F-CDR2 and R-CDR3) was performed (alternatively, primers were designed to anneal to the V~H~-CDR1 and V~H~-CDR3 regions). The sequences of these primers were determined from the clones isolated by APD from time point 1 and are given in [Table S2](#SD1){ref-type="supplementary-material"}. All nested PCR products were gel-purified (Qiagen), TOPO-TA cloned (Invitrogen), and Sanger sequenced.
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![APD libraries: timeline of construction and panning against Dsg3\
(a, b) Serum anti-Dsg3 ELISA index values are indicated by boxes. Above horizontal dotted line are positive values. Red boxes indicate blood used for APD library construction. Periods of complete clinical remission off therapy (CROT) are shaded in turquoise. (c) Enrichment for Dsg3-binding was measured by phage ELISA of the libraries amplified after sequential pannings (further explained in methods). Shown is the ratio of the optical density (O.D.) value from rounds P2--P4 relative to the O.D. of the unpanned P0 library (with a value of 1), expressed as arbitrary units (A.U.).](nihms611826f1){#F1}

![Dsg3-specific IgG^+^ B-cell clonal lineages in patients (a) PV3 and (b) PV1\
Each clonal lineage is indicated by circle and Roman numeral, grouped in gray-shaded vertical rectangles by time. Clones identified by PCR are outlined in black, others were determined by APD. VH/VL genes used for the V~H~/V~L~-chains are shown to the left of each clone. For each clone isolated by APD, V~H~-chains varying by somatic mutations (SM) are indicated to the right of the circle (with the Arabic number corresponding to the Roman numeral of each clone and small letters indicating distinct SM-patterns; e.g., 2a/2b indicate V~H~-chains with the same V~H~-CDR3, differing by SM throughout the rest of the V~H~-chain). Number of actual mutations (excluding V~H~-CDR3- and IgG heavy chain framework 4-regions) compared to germline are indicated in parenthesis. ND: not detected by APD or PCR.](nihms611826f2){#F2}

![PCR-strategy to identify patient-specific V~H~-CDR3s found by APD at one time point but not at another\
(a) PCR-template with forward primer from either CDR1 or CDR2 (F1, F2) and reverse primer from CDR3 (R). (b) PV3 clone III, isolated by APD in 2006, was not found by APD in PV3a (2012), but was identified by PCR (lane T(PV3a)). (c) PV1 clone II was found by APD in 2002, but only by PCR at later times (lanes T1(PV1a) and T2(PV1b)). Deduced amino acid (aa)-sequences from sequencing of PCR products shown below the gels (retrieved); compared to that of the corresponding APD-isolated clone (expected). Presumed somatic mutations (or PCR errors) are in red, V~H~-CDR2/3 regions in bolded font, primer-covered regions are underlined. Std, 200 bp standard; nC1, negative control (water); nC2, negative control (V~H~-cDNA from an unrelated PV patient); pC1, positive control (monoclonal phagemid DNA of clone); pC2, positive control (polyclonal plasmid DNA from APD-library from which clone of interest was identified by panning).](nihms611826f3){#F3}

###### 

Characterization of IgG anti-Dsg3 B-cell lineages in pemphigus patients PV3 and PV1.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pat.       B-cell clone (specificity)[1](#TFN1){ref-type="table-fn"}   Translation of the V~H~-CDR3 (\#aa)[2](#TFN2){ref-type="table-fn"}   IMGT VH gene[3](#TFN3){ref-type="table-fn"}   IMGT VL genes[4](#TFN4){ref-type="table-fn"}   
  ---------- ----------------------------------------------------------- -------------------------------------------------------------------- --------------------------------------------- ---------------------------------------------- ---------------
  PV3        I (D3)                                                      ARDLGGFDFDY (11)                                                     1-46\*03/01                                   **λ2-8\*01**                                   **λ2-8\*01**\
                                                                                                                                                                                                                                           **λ2-14\*02**

  II (D3)                                                                1-46\*03/01                                                          **λ2-14\*01**                                 **λ2-8\*01**                                   

  III (D3)   ARINYYDGSGHHSDADYM (18)                                     **5-a\*03**                                                          **λ1-51\*01**                                 (n/a)                                          

  IV (D3)    AKGMHDIVVMIGSTYYYYYGLDV (23)                                **3-23\*01**                                                         (n/a)                                         λ3-10\*01                                      

  V (D3)     TREGPGYSSGSFHV (14)                                         4-59\*03                                                             (n/a)                                         **κ3-11\*01**                                  

  VI (D3)    AKGYGDDHDASDI (13)                                          **[3-30]{.ul}\*18**/03                                               (n/a)                                         κ1-39\*01/**[κ1D-39\*01]{.ul}**                

  VII (D3)   ARDRGVLFRNFFDL (14)                                         **1-2\*02**/04/05                                                    (n/a)                                         **κ3-15\*01**                                  
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pat.                                 B-cell clone (specificity)[1](#TFN1){ref-type="table-fn"}   Translation of the V~H~-CDR3 (\#aa)[2](#TFN2){ref-type="table-fn"}   IMGT VH gene[3](#TFN3){ref-type="table-fn"}   IMGT VL genes[4](#TFN4){ref-type="table-fn"}                    
  ------------------------------------ ----------------------------------------------------------- -------------------------------------------------------------------- --------------------------------------------- ---------------------------------------------- ---------------- ---------------
  PV1[5](#TFN5){ref-type="table-fn"}   I (D3)                                                                                                                           **1-69**\*06                                  **λ1-44\*01**\                                 **λ1-44\*01**\   **λ1-47**\*02
                                                                                                                                                                                                                      **λ1-47\*01**/02                               **λ1-47**\*02    

  II (D3)                              ASGGVVDFDH (10)                                             **3-7**\*01                                                          λ2-23\*01/03                                  (n/a)                                          (n/a)            

  III (D3)                                                                                         **1-18**\*04                                                         (n/a)                                         **κ4-1\*01**                                   **κ4-1\*01**     

  IV (D3)                              AREALVYYDSSGYYKGGFDY (20)                                   **3-30**\*04                                                         **κ3-11\*01**/02                              (n/a)                                          (n/a)            

  V (D31)                              ARGWHRTGFRGYPSHWYFDL (20)                                   **4-4**\*02                                                          **λ1-47**\*02                                 **λ1-47**\*02                                  **λ1-47**\*02    

  VI (D31)                             ARGGDYSGWYNFDY (14)                                         1-69\*09                                                             λ3-9\*01\                                     λ3-9\*01                                       (n/a)            
                                                                                                                                                                        λ3-1\*01                                                                                                      
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We obtained clones specific for Dsg3 (D3) and for both Dsg3 and Dsg1 (D31) by panning APD-libraries on Dsg3.

B-cell lineages were defined by shared V~H~-CDR3 deduced amino acid (aa) sequences (allowing one aa change, presumably due to somatic mutation; blue).

Gene usage was determined by matching V~H~/V~L~-nucleotide sequences to the IMGT database. Note that VH/VL-gene usage, as detected by APD, in anti-Dsg3 antibodies is not completely random but in many cases, for the same clonal V~H~ chain the VL gene for the paired V~L~-chain is the same over time (see PV3-PV3a clone I, PV1-PV1a-PV1b clone I, PV1a-PV1b clone III, PV1-PV1a-PV1b clone V, PV1-PV1a clone VI). This shows that although V~H~/V~L~-pairing in cloning the APD-library is theoretically random, only very specific light chains can pair with the V~H~-chains in making anti-Dsg3 antibodies. Bold typeface of VH/VL-genes indicates that these genes were found in pemphigus anti-Dsg3 antibodies by EBV-transformed memory B cell or human-mouse heterohybridoma in other studies ([@R8]; [@R30]). In addition, the VH/VL-gene pairing for PV3a clone VI (underlined) has previously been found by heterohybridoma cloning of pemphigus antibodies ([@R30]).

n/a indicates VL gene not determined because PCR, not APD, was used to detect the V~H~.

Library PV1c is not shown as no clones were detected by neither APD nor PCR.
